ABSTRACT Soon after RNA-guided Cas9 (CRISPRassociated protein 9) endonuclease opened a new era of targeted genome editing, the CRISPR/Cas9 platform began to be extensively used to modify genes in various types of cells and organisms. However, successful CRISPR/Cas9-mediated insertion/deletion (indel) mutation remains to be demonstrated in avian cell lines. The objective of this study was to design a poultryspecific CRISPR/Cas9 system to efficiently introduce targeted deletion mutation in chromosomes of the quail muscle clone 7 (QM7) cell line using a customized quail CRISPR vector. In this study, two avian-specific promoters, quail 7SK (q7SK) promoter and CBh promoter, the hybrid form of cytomegalovirus and chicken β-actin promoters, were cloned into a CRISPR vector for the expression of guide RNA and Cas9 protein, respectively. Then, guide RNA, which was designed to target 20-base pair (bp) nucleotides in the quail melanophilin (MLPH) locus, was ligated to the modified CRISPR vector and transfected to QM7 cells. Our results showed multiple indel mutations in the quail MLPH locus in nearly half of the alleles being tested, suggesting the high efficiency of the system for targeted gene modification. The new CRISPR vector developed from this study has the potential application to generate knockout avian cell lines and knockout poultry.
INTRODUCTION
Targeted modifications of genomes using programmable nucleases have made great progress in recent years. Of the current genome editing tools, the RNA-guided Cas9 (CRISPR-associated protein 9) endonuclease from the type II bacterial CRISPR (clustered regularly interspaced short palindromic repeats) adaptive immune system against viruses has taken center stage due to its simplicity and efficiency after demonstration of its usage in mammalian cells (Cong et al., 2013; Mali et al., 2013) . Unlike other genome editing methods which rely on laborious protein engineering of zinc-finger and transcription activator-like effector nucleases (Gaj et al., 2013) , the CRISPR/Cas9 system depends on a relatively simpler design of a small guide RNA (gRNA) that directs Cas9 nucleases C 2016 Poultry Science Association Inc. Received August 23, 2016 . Accepted October 26, 2016 . 1 The first two authors contributed equally to this work. 2 Corresponding author: lee.2626@osu.edu to a specific DNA target through complementary base pairing . Targeted construction of gRNA accompanying Cas9 endonuclease introduces a DNA double-stranded break at a specific location within genomes which is significantly repaired by an error-prone non-homologous end joining in vertebrates (Sonoda et al., 2006) . These features enable us to efficiently introduce targeted deletion mutations with various lengths into genomes in the absence of exogenous repair templates for homologous recombination, which may cause frameshift mutations.
The CRISPR/Cas9 platform has been used to modify genes in various types of cells and organisms including human and mouse cells, yeast, rice, rats, zebrafish, etc. (reviewed in Sander & Joung, 2014) . In this study, a gRNA construct was designed to target 20-base pair (bp) nucleotides in the quail MLPH locus that precede an NGG trinucleotide sequence, the required protospacer-adjacent motif, which is recognized by Cas9. In our preliminary experiment, the lentiCRISPRv2 vector from Addgene containing human promoters was tested in quail cells, but knockout cells were not produced (data not shown). To achieve high efficiency of insertion/deletion (indel) mutations via the CRISPR/Cas9 system in avian cells, quail muscle clone 7 (QM7) cells were transfected with our customized CRISPR vector. Quail 7SK (q7SK) promoter and CBh promoter, which is the hybrid form of cytomegalovirus and chicken β-actin promoters (Gray et al., 2011) , were used to regulate gRNA and Cas9 expressions, respectively. Using this system, multiple indel mutations were obtained in the quail MLPH locus in nearly half of the alleles being tested. The simple strategy developed from this study can be efficiently applied to generate knockout avian cells and to potentially generate knockout poultry.
MATERIALS AND METHODS

Production of a CRISPR/Cas9 Construct for MLPH Knockout
A vector containing human U6 (hU6) promotergRNA scaffold and human elongation factor-1α (EFS) promoter-Cas9-puromycin-resistance marker (lentiCRISPRv2, #52961) was purchased from Addgene (Cambridge, MA). To generate the MLPH-deficient quail myogenic cell line (QM7) in vitro using an efficient CRIPSP/Cas9 system for avian species, hU6 promoter and EFS promoter were replaced with quail 7SK (q7SK) promoter and the hybrid chicken β-actin promoter (CBh promoter), respectively. In detail, the lentiCRISPRv2 plasmid was used as a backbone to remove the first MluI site at 231 bp while leaving the second MluI site between puromycin-resistance marker and WPRE. This vector was named v3. The region of hU6 promoter and gRNA-trans-activating CRISPR RNA (tracrRNA), which forms a complex with gRNA, was digested out from v3 using KpnI and EcoRI, making the first segment for three-piece ligation. The second segment composed of q7SK promoter (265 bp) was amplified with a forward primer containing the underlined KpnI restriction site (5 -TCATTGAAGGTACCGCCCCACAAGGCA-3 ) and a reverse primer containing the underlined PacI and BsmBI restriction sites (5 -TGGAGTAGC TTAATTAACAACGTCTCCAGAGCTAGAAGCCT CCCCATAC-3 ). The third piece was tracrRNA that was amplified with a forward primer containing the underlined PacI and BsmBI (italicized) restriction sites (5 -TAGCTTCTTGCTTAATTAA CGTCTCTGTTTTAGAGCTAG AAATAGC-3 ) and a reverse primer containing the underlined EcoRI site (5 -CAAGACCTAGCTAGCGAATTCAA-3 ). These three pieces (v3 with EFS promoter-Cas9-puromycinresistance, q7SK promoter, and tracrRNA) were ligated. Then, an EFS promoter-Cas9-puromycinresistance marker was replaced via blunt-end ligation with a CBh promoter-Cas9-green fluorescent protein (GFP), which was digested out from CRISPR/Cas9 KO plasmid (sc-417159; Santa Cruz Biotechnologies, Santa Cruz, CA) using XbaI and EcoRI. The final customized quail CRISPR/Cas9 construct contained q7SK promoter/gRNA filler between two BsmBI cleavage sites/tracrRNA and CBh promoter-Cas9-GFP, and its nucleotide sequences were confirmed by sequencing. As a result, the puromycin-resistance marker was replaced with a GFP reporter for screening Cas9 expressing cells. In order to select a 20 bp gRNA sequence in exon 2 and 3 of the MLPH gene with low off-target frequencies, the CRISPR design tool (http://crispr.mit.edu) was used. While optimizing the Addgene vector (http://genome-engineering.org/gecko; Shalem et al., 2014) , two oligonucleotides were designed by adding a 5 overhang-CTCTG for oligo 1 and attaching both a 5 overhang-AAAC and 3 overhang-C for its complementary oligo 2. The oligonucleotides were annealed and ligated into the gRNA filler of the customized vector after BsmBI digestion.
Cell Culture and Transfection
QM7 cell lines were cultured following the manufacturer's instructions (http://atcc.org). Briefly, QM7 cells were plated on 60 mm plates with medium 199 supplemented with 10% FBS and 10% tryptose phosphate broth (all reagents from Life Technologies Inc., Carlsbad, CA). The cells were replenished with fresh medium every two days. Upon approximately 80% confluency, the cells were transfected with the customized vector using lipofectamine 3000 (Life Technologies Inc.). The next day, the cells were replenished with fresh media. The cells were diluted and plated to have one cell per well of 96-well microplates, and then GFP fluorescence was monitored under a fluorescent microscope (AXIOVert.A1 equipped with an AxioCam MRc5 camera; Carl Zeiss Microscopy, Thornwood, NY) to further select GFP-positive individual cells at a single cell stage. Thereafter, these selected cells were grown for at least one week, and each clone of cells was moved and cultured in 24-well plates before use.
Western Blot Analysis
Western blot analysis with the selected cell lysates was performed as described in our report (Ahn et al., 2015) . In brief, equal amounts of protein extracts were loaded onto sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, separated, and followed by wet-transfer to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA). After blocking the membranes for 30 minutes in tris-buffered saline with Tween-20 (TBST) buffer containing 4% nonfat dry milk, they were incubated with a rabbit anti-DYKDDDDK (FLAG epitope tag) polyclonal antibody (F7425; 1:1,000; Sigma-Aldrich, St. Louis, MO) at 4
• C overnight. The next day, after washing, the membranes were incubated with a secondary antibody (horseradish peroxidase (HRP)-linked anti-rabbit IgG; 1:5,000; R&D systems Inc., Minneapolis, MN) at room temperature for 1 h. After washing, enhanced chemiluminescence (ECL) plus reagents (GE Healthcare Biosciences, Pittsburgh, PA) were applied and protein blots were detected after exposure to X-ray films (GE Healthcare Biosciences). A mouse monoclonal antibody against α-tubulin (12G10; 1:1,000; Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa City, IA) and a goat polyclonal antiactin antibody (I-19, sc-1616; 1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA) were used as primary antibodies for the detection of α-tubulin and β-actin, respectively, which were served as loading controls ( Figure 1B ).
Genomic DNA Isolation and Sequencing
Genomic DNA was extracted from the cultured cell clones using a modified version of our procedure established previously (Shin et al., 2014) . In brief, the cells were incubated in 150 μL of the cell lysis solution (CLS) with proteinase K at room temperature for 5 min, and then moved to 1.5 mL microcentrifuge tubes. To remove proteins, 100 μL of ammonium acetate was added and the tubes were centrifuged after mixing with 300 μL of isopropanol. The DNA pellet was washed with 70% ethanol and then dried. An adequate amount of Tris-EDTA (TE) buffer with RNase A was used to resuspend the pellet. For sequencing of the gRNA target regions on melanophilin (MLPH) exon 2 and 3, the targeted genomic DNA regions were amplified with PCR using a forward primer on exon 2 (qMLPH-E2/F: 5 -GACCTGAAGTGCAAGATAGACCA-3 ) and a reverse primer on exon 3 (qMLPH-E3/R: 5 -CTAGAA-GAGCTGAATTCCCCTTC-3 ). The amplified genomic DNAs were cloned into the pCR2.1 vector (Life Technologies Inc.) and then transformed into Stellarcompetent cells (636763, Clontech, Mountain View, CA). DNA minipreps from the selected colonies were sent to The Ohio State University Sequencing Core Facility for Sanger sequencing. A sequencing primer for guide 1 was qMLPH-E2/F (5 -GACCTGAAGTGCAA-GATAGACCA-3 ) and guide 2 was qMLPH g2 genomic F1 (5 -AGCTTTGTGCTGGTCTGCTT T-3 ) which is located in an intron between exon 2 and 3.
RESULTS
Avian 7SK promoters were analyzed for their promoter elements and sequence homology ( Figure 1A ). Based on a chicken 7SK small nuclear RNA (snRNA) promoter region (GenBank accession no. EF488955.1), the promoter regions of zebra finch and medium ground finch were obtained by performing a BLAT [Basic Local Alignment Search Tool (BLAST)-like alignment tool] search (http://genome.ucsc.edu). The 7SK promoter sequence of the turkey (Meleagris gallopavo) was obtained from its genomic sequence in GenBank (GQ254850.1). The quail 7SK promoter region (265 bp) was amplified and sequenced using primers in the conserved area of chicken 7SK promoter and has been deposited to the GenBank (accession number: KX757039). As shown in Figure 1A with underlines, the chicken 7SK promoter sequence closely matched to distal and proximal elements of pol III type 3 promoter which are essential for transcription of snRNA, such as the Octamer (OCT)-1 motif, SphI Post-octamer Homology (SPH) domain, and Proximal Sequence Element (PSE) (Bannister et al., 2007) . In addition, these OCT-1, SPH, and PSE sequences and the TATA box (consensus sequence TATATA) were highly conserved between avian species. As depicted in Figure 1A , two targeting locations were exons close to the start codon of quail MLPH gene.
To test whether the vector was properly constructed for Cas9 and GFP expressions under the regulation of CBh promoter, Western blot analysis for Cas9 was performed and GFP-positive QM7 cells were screened. The Cas9 protein was highly expressed in QM7 cells after transfection compared to the control QM7 cells without transfection ( Figure 1B) and GFP was transiently expressed in 40% cells after transfection (data not shown), demonstrating both the proper vector construction and high efficiency of CBh promoter. Sequencing of genomic DNAs from 14 GFP-positive clones revealed that there were 13 alleles with deletion mutations and one allele with insertion mutation in gRNA regions (Figure 2 ) and 6 alleles for each guide were wild-types (57% efficiency) among a total of 28 alleles. The indel mutations tended to occur near the protospacer-adjacent motif sequence which is recognized by Cas9 nuclease. Alleles with deletion (D) 9 (10-bp deletion) and D12 (13-bp deletion) were found twice.
DISCUSSION
Although the application of the CRISPR/Cas9 system has been described in various model organisms and cell types (reviewed in Sander & Joung, 2014) , a CRISPR/Cas9 system that can be efficiently applied to avian species has yet to be developed. In our preliminary studies, the CRISPR vector containing a hU6 promoter for gRNA expression and a human EFS promoter for Cas9 expression did not generate deletion mutations in QM7 cells, which may be due to incompatibility between the human promoters and the quail cells. To overcome these technological difficulties, the q7SK promoter sequence was used to stimulate gRNA expression in QM7 cells. Our sequence analysis showed that the q7SK promoter contains conserved enhancer elements (OCT-1, SPH, and PSE sequences) and the the TATA box (consensus sequence TATATA) which are essential for transcription of 7SK snRNA. In addition, a previous report has shown that chicken 7SK promoter could express short-hairpin RNA for efficient knockdown of target gene expression in chickens (Bannister et al., 2007) . The Cas9-GFP fusion protein was expressed under the regulation of the CBh promoter, which has previously been developed to provide strong gene expression (Gray et al., 2011) . The P2A, a selfcleaving small peptide (Kim et al., 2011) , mediated separation between Cas9 and GFP. Western blot analysis showed the high expression of Cas9 in QM7 cells, and approximately 40% of the cells were GFP-positive after transfection (data not shown). These results indicated that the vector was properly constructed with the CBh promoter. After sorting GFP-expressing cells, targeted indel mutations in the quail MLPH locus were verified by sequencing. Our results suggested that gRNA expressed under the regulation of q7SK promoter could direct Cas9 nuclease to the target quail chromosomes, giving rise to indel mutations at target locations.
There are multiple advantages of the CRISPR/Cas9 system. Intended mutations can be quickly screened by traditional Sanger sequencing without marker selections. Multiple gRNAs can be introduced into a single CRISPR array to target either many loci or several regions in the same loci (Cong et al., 2013; Li et al., 2013; Wang et al., 2013) . In addition, large gRNA libraries can be produced to generate genome scale knockouts in a host organism . Also, lentiviral vectors have been successfully used to achieve efficient transduction both in vitro Wang et al., 2014) and in vivo (Aubrey et al., 2015; Shin et al., 2014; Ahn et al., 2015; Chen et al., 2016) . Thus, our lentivirus-based CRISPR vector system can be applied to generate both knockout avian cells and species.
The MLPH locus has been shown to be associated with the lavender plumage color dilution phenotype in quail (Bed'hom et al., 2012) . Therefore, the effectiveness of the CRIPSR/Cas9 system can be investigated in vivo in future studies by monitoring feather color changes.
In summary, we demonstrated a very high efficacy of a customized quail CRISPR system for inducing mutations in a quail cell model. This avian-specific CRISPR system would provide an efficient way to knockout avian gene(s) in vitro and in vivo. Figure S1 . Chromatogram images of 14 alleles with indel mutations in the quail MLPH locus. Chromatograms show sequencing of genomic DNA from GFP-positive QM7 cell clones. Both areas of 13 deletion mutations and one insertion mutation were pointed out by red arrows.
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